A prior publication described the pinocytosis-inducing properties of a variety of both high and low molecular weight molecules (1). This study indicated that anionic molecules stimulated the formation of pinocytic vesicles whereas neutral and cationic species had in most instances little influence on this parameter of endocytic activity. Some of the most potent inducers proved to be macroanions and these molecules were thought to function by virtue of a physicochemical interaction with a membrane receptor. This view was suggested by the previous studies on the amoeba (2) and the similar molarities at which many of the macroanious stimulated a response in the macrophage system.
prior to an experiment and the pH adjusted to 7.3 with ~ NaOH or HC1. The stock solutions were then diluted in medium 199 to appropriate concentrations. The concentration of nucleotides given in the figures and text-figures were calculated as the free acids.
At the time of an experiment, the maintenance medium was removed and the cell sheet washed twice with 2.0 ml aliquots of warm No. 199. 1 ml of a basal medium, consisting of 1% NBCS-No. 199, was then added to the Leighton tubes. Aliquots of the nucleoside or nucleotide solutions (0.05--0.10 ml) were then added to the experimental cultures, whereas cells bathed in the basal medium alone were maintained as controls. The tubes were gassed with 5% C02-alr, stoppered, and incubated at 37°C for 150 min. The cells were fixed in glutaraldehyde and the pinocytic vesicles counted. E/C represents the number of vesicles in the experimental cultures (E) as compared to the control cells (C) (1) . Studies were also conducted on the temporal response of macrophages to nucleosides and nucleotides. In these experiments the ceils were preincubated in basal medium (1% N-BCS) for 45 rain to reduce the number of pinocytic vesicles. The experimental compounds were then added and cells fixed at intervals up to 60 rain.
The ability of selected nucleosides and nucleotides to stimulate the formation of pinocytic vesicles in metabolically inhibited macrophages was ascertained. Macrophages were preincubated in the presence of 1% NBCS-No. 199 containing metabolic inhibitors for a period of 30 rain. The experimental agents were then added to the tubes and incubation in the presence of (a) inhibitors, (b) 1% N-BCS-No. 199, and (c) nucleosides and nucleotides--alone, served as controls. The morphological and pinocytic properties of these cultures were then evaluated.
The effect of all agents was also examined in living cultures of macrophages. 60 rain after the addition of experimental compounds, the cover slips were inverted over a trough of culture medium and the cells examined for an additional 60 rain on a warm stage with phasecontrast optics.
RESULTS
The Influence of Adenosine and Deoxyadenosine Derivatives on Pinocytosis.--Initial experiments examined the effect of a variety of nucleotides on pinosome formation. The unusual results obtained with adenosine 5t-PO4 prompted a more detailed analysis of similar molecules. The effects of such agents on pinocytic vesicle formation will be presented here, whereas, other accompanying morphological responses will be dealt with in a later section.
The pinocytic response of cultured macrophages to adenosine and deoxyadenosine derivatives is illustrated in Text- fig. 1 . In the presence of adenosine and its 5'-phosphates, a striking increase in pinocytic vesicle formation occurred. On a molar basis, adenosine triphosphate (ATP) was slightly more active than either adenosine diphosphate (ADP) or the 5'-monophosphate (AMP). The stimulation of vesicle formation which was induced by these compounds was higher than with any other molecules tested thus far (1). With AMP, ADP, and ATP the total vesicles/50 cells was consistently over 1000 and usually in the range of 1200-1500. This highly stimulated state made the enumeration of pinocytic vesicles a tedious and somewhat inaccurate process. The addition of the nonphosphorylated nucleoside, adenosine, also resulted in high levels of pinocytic vesicles. The influence of adenosine was usually less than with its 5'-phosphates.
In contrast to the high levels of E/C obtained with the previous compounds, other derivatives of adenosine and deoxyadenosine are presented on the lower portion of Text- fig. 1 . Of interest, was the fact that the mixed 2'-and 3'-phosphate isomers of adenosine yielded relatively small numbers of vesicles. The same was true of 3',5'-adenosine phosphate, the cyclic derivative. A similar result was also obtained when deoxyadenosine 5'-PO4 was employed. The highest levels of pinocytic stimulation, with each of these molecules was 5-10 times the control value obtained in 1% NBCS-No. 199.
The Influence of Other Nueleoside Phosphates on Pinocytosis.--The second group of experiments examined the efficacy of mono-, di-, and triphosphates of other nucleosides to stimulate pinocytic vesicle formation. The results of these studies axe shown in Text- fig. 2 . It is apparent that none of these molecules resulted in pinosome stimulation which approached that obtained with adenosine and its 5'-phosphates. In all cases the di-and/or triphosphates of cytidine, uridine, guanosine, and inosine resulted in maximal values for E/C which were in the range of 8-to 10-fold greater than control cultures. This degree of stimulation was similar to that obtained with certain other small molecular weight anions (1) . Each of the agents in this series proved to be toxic to the macrophages at 2-to 4-fold higher concentrations.
The Effect of Nucleosides on Pinosome Formation.--In view of the prior experience with anionic molecules it was not surprising that the nucleotides were able to stimulate pinocytic vesicle formation to a greater or lesser extent. It was unusual, however, to find that adenosine, an uncharged molecule, evoked high levels of pinocytic activity. This prompted a study of other nucleosides.
Text- fig. 3 shows the dose-response relationships obtained with five common nucleosides. It is apparent that adenosine had an unusually potent effect on vesicle formation which was an order of magnitude greater than that obtained with the other nucleosides. Guanosine, uridine, and cytosine yielded responses which were barely above control values, whereas inosine administration resuited in a slightly greater effect. The conversion of inosine to adenosine derivatives by macrophages may play a role in this result. The Morphological Response to Adenosine Derivatives.--In addition to the increased flow of pinocytic vesicles, there were also typical morphological effects on mouse macrophages. The only agents which produced these responses were those yielding very high values of E/C and included adenosine, adenosine 5'-PO4, ADP, and ATP. The use of other nucleotides resulted in stimulated cells which were structurally similar to those presented in a previous publication (1) . The structural effects on macrophages were evaluated either on living cells in warm chambers or in glutaraldehyde-fixed preparations.
Shortly after the administration of adenosine or its 5'-phosphates the macrophage-limiting membrane began to spread out on the glass surface resulting in a thin veil, the majority of which was devoid of visible organdies ( Figs. 1 and  2) . A denser, rodlike core of cytoplasm was seen within this veil, which contained linearly oriented, and elongated mitochondria. Pinosomes were usually seen to Adenosine flow into the cell body in close proximity to the mitochondria. The other peripheral modifications of note were the larger number of spikelike projections on the cell surface which resembled the microspikes described by Taylor (4) . With the passage of time the centrosphere region, which contained the preexisting phase-dense granules, appeared to contract and become globular. The contrac- tion of the centrosphere was accompanied by an increased thickness, so that it was difficult to focus on both the granule zone and peripheral cytoplasm. All of the above changes occurred with each of the previously mentioned compounds and at all concentrations listed in Text- fig. 1 . There were, however, differences when higher concentrations were employed and studied at time intervals beyond 120 min. These are described in Figs. 3 a and 3 b, and Fig. 4 . At doses of 0.4 ~moles/ml and above it was noted that a gradual change took place in the peripheral veil-like membrane. Initially, this membrane extended far beyond the cell body and was uniformly flat (Fig. 3 a) . As incubation progressed, the cell surface took on a webbed appearance which was the result of the gradual resorption of the veil, leaving the denser mitochondria containing cores extended. This is illustrated in Fig. 3 b. The end result of this process is seen in Fig. 4 and illustrates the octopoid appearance of the cells. The veiled membrane had now disappeared leaving tortuous, naked cores, The cell at this time was still viable and continued active pinocytosis. If such a population of cells was washed free of the nucleotide and reincubated in 50% NBCS-containing medium, within a period of 3-5 hr it regained its original morphological TExT-Fio. 4. The rate of pinocytic response and distribution of vesicles in raacrophages exposed to adenosine and adenosine triphosphate.
properties. It was also of interest that, in the presence of these compounds, large pinocytic vacuoles did not accumulate in the centrosphere region. This was in contrast to the response to high molecular weight anionic inducers. The fate of the membrane transferred to this zone was not apparent.
The Rate of Pinocytic Response to Adenosine and ATP.--The lack of knowledge concerning the mode of action of adenosine and its Y-phosphates prompted further studies on the comparative effects of these two agents. The left portion of Text- fig. 4 shows the rate at which macrophage-pinocytic activity responded to equimolar levels of adenosine and ATP. It is clear that the response was rapid, reaching maximum levels of activity 30 min after exposure. No differential response to adenosine and A T P was noted. It was of interest that the previously described morphological alterations occurred at approximately the same time as the stimulation of pinocytosis.
The Distribution of Pinocytic Vesicles in Macrophages Exposed to A T P . --
Macrophages which were undergoing pinocytosis in 50% NBCS exhibit a frequency distribution of vesicles about a mean level of 10 vesicles/cell (5). The right side of Text- fig. 4 compares the distribution of vesicles in cells exposed to A T P and 50% NBCS. I n 1% NBCS alone 70% of the macrophages did not contain peripheral pinosomes (5). It is clear that the addition of A T P influenced the vast majority of cells in the culture. The distribution of vesicles was shifted to higher levels of activity with 50% of the macrophages containing 21-30 pinosomes/cell. The curve is somewhat skewed to the right with 4-25 % of cells exhibiting much higher ntwnbers of vesicles. These cells were most often larger in diameter and occasionally binucleate. The same uniform macrophage response was obtained with adenosine but is not presented.
The Response of Metabolically Inhibited Macrophages to Adenosine and A T P . --
Experiments were next conducted to investigate possible differences between the pinocytosis-stimulating effects of adenosine and ATP.
For this purpose, macrophages were exposed to selected inhibitors for a period of 30 min, at this time either adenosine or ATP was added to the medium and reincubated for an additional 90 rain. The cells were then fixed with glutaraldehyde and pinocytic vesicles enumer-ated. Additional controls were conducted in which each of the inhibitors was added to 1% NBCS-No. 199, and cells exposed for 90 min. Each of these cultures showed very low levels of pinocytic activity, without cytotoxicity, and have not been included in the tables. A previous study of the influence of each inhibitor on pinocytosis in 50% NBCS has appeared (3). Table I illustrates two groups of experiments in which adenosine and ATP were employed as pinocytic inducers. In the presence of fluoride both adenosine and ATP were able to stimulate vesicle formation to approximately 50% of the uninhibited culture. In contrast, neither compound was capable of producing a significant stimulus when the macrophages had been exposed to effective concentrations of puromycin.
The major difference between adenosine and ATP was brought out through the use of 2,4-dinitrophenol (DNP)-inhlbited macrophages. In the presence of 2,4-DNP adenosine administration yielded a minimal pinocytic response. Under identical conditions, ATP was capable of increasing vesicle formation to about 50 % of the ATP control cultures. This suggests that (a) the response of the macrophage to adenosine is dependent upon its phosphorylation and (b) that ATP may be entering the cytoplasm in a phosphorylated form. DISCUSSION It is clear that adenosine and its 5'-phosphates have unique effects on mouse macrophages which are expressed as marked elevations in pinocytic vesicles and a series of morphological alterations. The stimulation of pinosome formation can be considered quantitative in nature whereas the morphological influence appears qualitatively different from other previously studied inducers. The data cannot be explained on the basis of nonspecific charge effects, a mechanism invoked for other anionic inducers (1). This assumption is based upon the comparatively low pinocytic response obtained with other nucleotides and with the absence of a vesicle response to nucleosides other than adenosine.
Although the mode of action of the active components is not clear their very nature suggests a role in the intermediate metabolism of the macrophage. Each of the agents might be expected to enter the cell and become part of the intracellular nucleotide pool. From the studies of Wu and Racker (6) as well as others (7), the addition of adenine nucleotides can result in their uptake by intact cells with a concomitant intracellular accumulation, particularly in the form of adenosine triphosphate. Whether or not adenine nucleotides are initially dephosphorylated prior to entry and then rephosphorylated intracellularly is not clear. Once in the cell they may in addition be compartmentalized to both mitochondria and the "soluble" fraction of the cytoplasm and thereby influence both oxidative phosphorylation and glycolysis. In at least one instance it seems reasonable to assume that ATP may enter the cell per se and influence a physiological parameter such as the beating of isolated muscle cells (8) . Similarly, there is evidence that an increase in the intracellular nucleotide pool of HeLa cells may stimulate carbohydrate metabolism (9) .
Many questions, however, remain to be answered in terms of the macrophage and its ability to form pinocytic vesicles. Although pinocytosis is dependent upon both glycolysis and oxidative phosphorylation it is not at all clear whether a nucleotide-stimulated carbohydrate metabolism would result in greater vesicle flow. From studies on both the amoeba and the macrophage an interaction of surface receptors is thought to play an important role in initiating vesicle flow. Nevertheless, it is conceivable that a cell with heightened energy production might respond more vigorously to a minimal external stimulus and explain in part the response to adenosine and its 5'-phosphates. With such a mechanism in mind one must assume that adenosine, which would be expected to enter the cell readily by diffusion, would be phosphorylated intracellularly. Indirect evidence for this was the inability of adenosine to reverse the pinocytic inhibition brought about with 2,4-DNP whereas ATP was effective.
None of these speculations explains the unusual morphological changes evoked by these compounds. It is of interest that ATP has related effects on Amoeba proteus (10) and Chaos chaos (11) , findings Which have been interpreted by Chapman-Andresen (2) to indicate a stimulation of pinocytosis. The unusual spreading, orientation of the peripheral cytoplasm, and formation of microspikes suggested some alterations in the system of cytoplasmic microtubules. Thus far, however, electron microscopic examination of ATP-exposed macrophages has not shown any morphologic changes other than evidence of heightened vesicle formation.
SUWr~ARY
A study has been conducted on the influence of nucleosidcs and nucleotides to induce the formation of pinocytic vesicles in cultured mouse macrophagcs.
Extremely high levels of cytoplasmic vesicles were found after exposure of macrophages to adenosine 5'-phosphate, ADP, and ATP. A limited vesicle response was obtained with adenosine 2'-and 3'-phosphate, 3',5'-adenosinephosphate, and deoxyadenosine 5'-phosphate. The di-and triphosphates of guanosine, inosine, cytidine, and uridine were stimulatory but much less active than the adenosine derivatives.
Adenosine administration resulted in high levels of pinocytic activity whereas other nucleosidcs, including inosine, guanosine, cytidine, and uridine, yielded little or no stimulatory effect.
Adenosine and its 5'-phosphates produced morphological effects on macrophages characterized by increased spreading, a thin, peripheral cytoplasmic veil with denser cores of oriented mitochondria and contraction of the centrosphere region. Large numbers of pinosomes were seen in association with mitochondria-containing portions of the cytoplasm.
The stimulatory effects of adenosine and A T P were rapid and involved the majority of cells in the culture. Adenosine was unable to reverse the pinocytosis inhibition produced b y 2,4-DNP, whereas A T P raised vesicle counts to high levels. Possible mechanisms for these effects are discussed.
BIBLIOGRAPHY EXPLANATION OF PLATES
PLATE 63   FIG. 1 . A living macrophage, warm chamber preparation, after a 60 rain exposure to 0.2/~moles/ml of adenosine triphosphate.
The peripheral cytoplasm of the cell has flattened on the glass surface and is surrounded by a thin veil. More numerous extensions are present which encompass a denser cytoplasmic core and contain mitochondria. Many phase-lucent pinosomes are present in the extension. The granule zone has contracted and the nucleus is indistinct. A few highly refracfile, lipid droplets are found at the periphery of the centrosphere. Phase contrast. × 2750.
PLATE 64

FIG. 2.
A living macrophage, warm chamber preparation, after a 60 mln exposure to 0.3 #moles/ml of adenosine.
This cell demonstrates the particularly well formed cytoplasmic veil, interrupted by denser cores of cytoplasm. The cores contain elongated mitochondria as well as most of the phase-lucent pinosomes. Microprojections are seen at the cell surface and most of these arise in areas which are active in vesicle formation. The centrosphere is quite globular and is surrounded by lipid droplets. Phase contrast. × 2500. 
